Tick-borne encephalitis virus (TBEV) is a member of the family Flaviviridae. It is transmitted by Ixodes spp. ticks in a cycle involving rodents and small mammals. TBEV has three subtypes: European, Siberian and Far Eastern. The virus causes thousands of cases of meningoencephalitis in Europe annually, with an increasing trend. The increase may be attributed to a complex network of elements, including climatic, environmental and socio-economic factors. In an attempt to understand the evolutionary history and dispersal of TBEV, to existing genetic data we add two novel complete ORF sequences of TBEV strains from northern Europe and the completion of the genome of four others. Moreover, we provide a unique measure for the natural rate of evolution of TBEV by studying two isolations from the same forest on an island in Å land archipelago 44 years apart. For all isolates, we analysed the phylogeny, rate of evolution and probable time of radiation of the different TBEV strains. The results show that the two lineages of TBEV in different Ixodes species have evolved independently for approximately 3300 years. Notably, rapid radiation of TBEV-Eur occurred approximately 300 years ago, without the large-scale geographical clustering observed previously for the Siberian subtype. The measurements from the natural rate of evolution correlated with the estimates done by phylogenetic programs, demonstrating their robustness.
INTRODUCTION
Tick-borne encephalitis (TBE) is caused by a flavivirus transmitted by Ixodes spp. ticks. The disease occurs within a wide geographical region extending from western Europe to China and Japan. There are three main lineages of tick-borne encephalitis virus (TBEV): the European (Eur), Siberian (Sib) and Far Eastern (FE) subtypes (Thiel et al., 2005) . The European subtype is transmitted by Ixodes ricinus and the latter two by I. persulcatus. TBE is endemic in many European countries, with thousands of cases reported annually, especially from central Europe, the Baltic countries and Russia (Lindquist & Vapalahti, 2008; Süss, 2008; Mansfield et al., 2009) . TBE is typically a biphasic disease that manifests in the second phase as meningitis, meningoencephalitis or encephalomyelitis, and about one-third of patients with TBEV-Eur infections have longlasting neuropsychiatric sequelae (Haglund et al., 1996) . Severe neurological symptoms and damage have been reported to be more frequent with TBEV-FE, and TBEV-Sib has been associated with chronic and progressive disease (Gritsun et al., 2003; Charrel et al., 2004) . The disease is preventable by commercially available formalin-inactivated vaccines (Heinz et al., 2007) .
TBEV was first isolated in the 1930s in the Soviet Union (Silber & Soloviev, 1946) and central Europe. During the last two decades, TBE incidence has increased in most European countries. In the Baltic countries, TBE became a major public-health concern during the 1990s, when the disease burden increased significantly from dozens to hundreds and then thousands (Sumilo et al., 2006; Lindquist & Vapalahti, 2008) . A survey in Lithuania from 2000 showed a 3 % seroprevalence of TBEV antibodies in the population and a recent increase in the incidence (Juceviciene et al., 2002) . The number of cases has also increased in Sweden and Finland (Lindquist & Vapalahti, 2008) . The endemic area of TBEV has also moved northwards in Europe (Jääskeläinen et al., 2011) and to higher altitudes in central Europe, apparently influenced by climatic changes (Zeman & Bene, 2004; Danielová et al., 2008; Holzmann et al., 2009; Lukan et al., 2010) . However, the expansion of the endemic area is probably not the main cause of the increased incidence of TBE; instead, networks of interacting factors, including human behavioural factors determined by socio-economic conditions together with environmental and climatic factors, seem to be the cause of the TBE upsurge (Randolph, 2010; Sumilo et al., 2007 Sumilo et al., , 2008a .
The ecological requirements for maintaining a TBEV focus have been shown to be complex, but the key factors seem to be specific microclimatic features and availability of competent small-mammal hosts. On these mammals, ticks at different developmental stages may co-feed on the same rodent and transmit the infection non-viraemically, possibly via macrophages in the skin from nymphs to larvae, and thus to the next tick generation (Labuda et al., 1997; Randolph et al., 1999) . Transmission may also occur transovarially from infected females to eggs, albeit at a low efficiency (Danielová & Holubová, 1991) , and vertically in host rodents (Bakhvalova et al., 2009) . Climatic conditions that support TBEV-Eur transmission cycles (Randolph & Rogers, 2000) include rapid warming in spring and cooling in the autumn, and these can be detected accurately from satellite imaging data and used to model predictive disease-distribution maps (Randolph, 2000) . Such models have predicted favourable conditions for TBEV-Eur transmission, e.g. along the Finnish and Norwegian southern coastal regions, previously not known to be endemic for TBEV, but where TBE cases have recently been observed (National Institute for Health and Welfare, Infectious Diseases Registry). Furthermore, both I. persulcatus and I. ricinus have been observed to co-circulate in eastern Estonia and Latvia, where all three TBEV subtypes are found (Mavtchoutko et al., 2000; Lundkvist et al., 2001) . Both tick species and both TBEV-Eur and TBEV-Sib have also been found in Finland (Jääskeläinen et al., 2006 .
Although the impact and disease burden of TBE are high, with thousands of diseased and millions of vaccinated people annually, relatively few TBEV strains have been sequenced fully and the evolutionary history and dispersal of TBEV strains in Europe have not been studied thoroughly. We isolated a novel strain of TBEV -at the same location as the Finnish prototype strain almost half a century before -and obtained full-length sequences of these two and four other strains (Siberian and European subtypes) from northern Europe. This provided us with the unique opportunity to obtain a natural measurement of the rate of evolution for TBEV. We analysed them together with 27 TBEV sequences available in GenBank to address questions regarding the evolution and spread of TBEV in Europe, in particular the relationships of TBEV strains and viruses causing encephalitis in sheep and goats [louping ill virus (LIV), Spanish sheep encephalitis virus (SSEV), Turkish sheep encephalitis virus (TSEV) and Greek goat encephalitis virus (GGEV)] and the time of divergence of TBEV strains, and provide hypotheses of how the currently observed genetic variation may have originated.
RESULTS

Phylogenetic analyses of TBEV strains
Novel complete ORF sequences of six TBEV strains from northern Europe were determined, two of which were of the TBEV-Sib and four of the TBEV-Eur subtype; complete genome sequences, including the 39-NCR, of one TBEVEur and one TBEV-Sib strain were also obtained. Two strains represented human TBE cases (one from each subtype) and the rest were from field-collected Ixodes ticks (Table 1) , including the prototype strain from Kumlinge Island, Å land Islands, Finland, in 1959. The prototype strain, Kumlinge A52, was isolated in suckling mouse brains from a pool of 14 female, 12 male, 182 nymphal and 93 larval I. ricinus stages collected from Kumlinge Island in the Å land Islands in June 1959 (Brummer-Korvenkontio et al., 1973) . From the same small forest, I. ricinus ticks were collected in 2003 and screened for TBEV RNA. One strain, designated Kumlinge 25-03, was isolated in suckling mouse brain from an RT-PCR-positive I. ricinus tick pool of ten adult females and the full-length ORF sequence was determined. Except for strains Joutseno and Kumlinge 25-03, partial sequences of the other strains have been described previously (Whitby et al., 1993; Mavtchoutko et al., 2000; Golovljova et al., 2004; Jääskeläinen et al., 2010) .
The two TBEV-Sib strains, Latvia-1-96 (from a TBE patient) and Estonia54 (from an I. persulcatus tick), were 92.7-95.9 % identical at the nucleotide level to other TBEV-Sib sequences. The four new TBEV-Eur genomes (Kumlinge A52, Kumlinge 25-03 and Joutseno from I. ricinus ticks and Estonia3476 from a TBE patient) were 97.1-98.2 % identical at the nucleotide level to previously known TBEV-Eur sequences. The two TBEV-Eur genomes originating from ticks from exactly the same, isolated focus on a small island in the Baltic sea, but representing strains isolated 44 years apart, were 99.7 % identical, with 27 nucleotide substitutions and five amino acid changes, thus providing a measure of the rate of TBEV evolution.
A phylogenetic tree based on complete coding sequences was reconstructed ( Fig. 1 ; Supplementary Table S1, available in JGV Online). As expected, the main determinant of strain clustering was the vector species: lineages consisting of (i) TBEV-Eur strains, (ii) LIV and SSEV, and (iii) TSEV and GGEV, all carried by I. ricinus, clustered together. Notably, the first two lineages shared a common ancestor. On the other hand, TBEV-FE and TBEV-Sib strains, carried by I. persulcatus, clustered together. The novel viral full-length sequences analysed here grouped, as expected, into the European and Siberian subtypes.
Another phylogenetic tree was built based on the analysis of the envelope glycoprotein (E) gene alone with a larger set of sequences (n571) ( Fig. 2; Supplementary Fig. S1 , Supplementary Table S2, available in JGV Online). These two phylogenetic reconstructions were otherwise similar except for some differences in the topology of the strains carried by I. ricinus ticks (Fig. 2a, b) ; the branching order of this part of the tree was dependent on the algorithm used. Neighbour-joining (PHYLIP) and TreePuzzle estimations produced the same topology that was seen based on complete (Fig. 1) or non-structural (NS)3 (Fig. 2b) sequences: GGEV and TSEV were clearly ancestral to two other lineages, one containing LIV and SSEV and the other all TBEV-Eur strains. Maximum-likelihood (PHYLIP) and Bayesian estimations resulted in a slightly different branching order (Fig. 2a) , in which SSEV and LIV seemed to share ancestry with GGEV and TSEV. In all of the phylogenetic trees, TBEV-Eur strains lacked any geographical clustering, e.g. strains from a given area or country (Finland, Estonia, Czech Republic, Latvia) did not form genetic clusters. In contrast, the available TBEV-Sib sequences can be divided into two clear geographical lineages ('Siberian' and 'Baltic') , as shown here and in previous studies (Golovljova et al., 2008) .
Rate of evolution and selection pressure in TBEV genes
Bayesian estimates of the evolutionary rate were obtained using both strict and relaxed lognormal clock models. The rate estimations were similar for both models, and the coefficient of variation for the relaxed clock was approximately 0.2 for all datasets, suggesting only modest rate variation among branches. The strict clock could not be rejected for the E gene or NS3 (data not shown) and, as the convergence of parameters was better for the strict clock, it was chosen for final analyses. ) for the E gene. The overall rate appeared similar in all of these three, and the narrowest 95 % CI was the one derived for the complete ORF. The estimates of divergence times based on complete ORFs were slightly older than those based on individual genes (Table 2) .
When the molecular clock was calculated separately for the viruses carried by I. persulcatus and those carried by I. ricinus, the rate appeared to be slower for I. persulcatus: ) for the I. ricinus-carried ones. The slower rate increased the divergence times by approximately threefold, for TBEVSib from 600-900 to 2700 years, and for TBEV-FE from 1200-1900 to 6200 years. The radiation time of the European subtype strains was, in all cases (based on fulllength, NS3 or E protein data and whether all TBEV or only TBEV-Eur strains were studied), 240-340 years.
The selection pressures acting on each of the genes of TBEV are depicted in Table 3 . The highest d N /d S values were for the capsid (C), NS2A and membrane (M) genes, whereas the E, NS3 and NS4A genes showed the lowest values. Overall the d N /d S ratios were low, indicating purifying selection as the main evolutionary process acting on the TBEV genome.
Recombination
The analysis of full-length coding TBEV sequences did not reveal any major recombinant sequences. However, a small number of recombination signals or discordances in the phylogeny were observed: 22 events, of which six were unique. Two events were studied further by genetic analysis ). The sequence of this fragment is 97-100 % identical for LIV and TBEV-Eur, whereas the nucleotide identity before and after this fragment is 89 and 87 %, respectively. As only one LIV sequence of this genomic region was available in GenBank, we sequenced the same region from our laboratory strain of LIV (a derivative of the prototype strain LI/31), but the same recombination site could not be detected ( Supplementary  Fig. S2 ). A second recombination signal was supported by additional analyses, albeit even less clearly. In this case, the recombinant sequence was TBEV-Joutseno, which is 99.9 % identical to Estonia3476 at nt 7106-8554. In phylogenetic analysis, these two were placed together with strong support in this region, whereas before and after the recombination site, TBEV-Joutseno shares a more recent ancestry with strains from central Europe (data not shown).
DISCUSSION Radiation of TBEV strains
Our study aimed to characterize full-length TBEV sequences from northern Europe, as well as to estimate the extent of geographical clustering, rate of evolution and time of divergence of TBEV strains. Towards this aim, we provided complete ORF sequences of six TBEV strains isolated in northern European countries, including two novel strains, Joutseno and Kumlinge 25-03, and four strains from which only partial sequences were previously available. Two of these strains were isolated from one small focus 44 years apart. In the phylogenetic analyses, the TBEV strains fell, as expected, into the three known subtypes, TBEV-Eur, -Sib and -FE. Within the Siberian subtype, there are two geographically distinct clades: one consisting of strains isolated from Siberia and the other of strains from the vicinity of the Baltic Sea (Golovljova et al., 2008) . It is notable that there is no clear geographical clustering of TBEV-Eur strains (Han et al., 2001; Golovljova et al., 2004) . The dispersal of TBEV-Eur, unlike that of e.g. rodent-borne hantaviruses (Asikainen et al., 2000) or carnivore-borne classical rabies viruses (Bourhy et al., 1999) , cannot be, on a larger scale, explained by movements and migrations of terrestrial mammals. The clustering of the strains looks more like random recent dispersal of strains throughout Europe to form the current foci, of which many are separated from each other by hundreds of kilometres and some are physically isolated, such as small islands in the Baltic Sea. These originally scattered viruses may have persisted as foci (as seems to be the case for the virus in Kumlinge Island) and have obviously spread further locally or over longer distances. Interestingly, the most remote foci of TBEV-Eur have been reported from Korea (Kim et al., 2008 (Kim et al., , 2009 , far beyond the distribution range of I. ricinus; also, in Europe, the distant, northernmost TBEV-Eur focus is in Finnish Lapland, intriguingly with I. persulcatus as a vector (Jääskeläinen et al., 2011) . One explanation for the phylogeographical pattern of TBEV-Eur sequences might be the involvement of infected ticks and migratory birds in the distribution. TBEV has been isolated from birds (Brummer-Korvenkontio et al., 1973) and detected from ticks found in migratory birds, implying a possible involvement of these in the distribution of the virus (Waldenström et al., 2007) . It is likely that birds would not serve as efficient amplification hosts for TBEV, as shown experimentally in pheasants (Labuda et al., 1993) , but merely as occasional carriers transporting infected ticks to new regions. About 7 % of migratory birds arriving in Norway carried I. ricinus tick larvae or nymphs, and 3 % of migratory birds arriving in Sweden are tick-infested, with 0.4 % TBEV prevalence; it may therefore be estimated that millions of I. ricinus ticks arrive annually in Fennoscandia, with tens of thousands of them being TBEV-infected (Waldenström et al., 2007; Hasle et al., 2009) . Anyhow, a suitable habitat would be required to maintain the TBE focus in a cycle involving small mammals and ticks. Moreover, some patterns of the dispersion of TBEV-Sib and -FE strains have been attributed to roads and gameanimal movements (Kovalev et al., 2009 (Kovalev et al., , 2010 , analogous to previous work tracing historical movements of LIV with those of small ruminants in the British Isles (McGuire et al., 1998) , further indicating that different dispersal routes are not exclusive, even for TBEV-Eur. More research into the natural habitat and distribution of TBEV and the role of dispersal by migratory birds in generating new foci is warranted.
Previous analyses based on the E gene have indicated that a geographical cline took place in Eurasia from east to west, where LIV represents the western form and most recent end of this cline (Zanotto et al., 1995 (Zanotto et al., , 1996 McGuire et al., 1998) . These studies have also suggested that LIV has emerged from TBE viruses (McGuire et al., 1998; Gaunt et al., 2001; Gould et al., 2001) . Recently, analyses based on different regions of the genome have indicated that other genes generate different phylogenies, and trees based on NS3 sequences would correspond best with the full-length data (Cook & Holmes, 2006) . Our analyses support this finding, and the differences in the topology of the E trees especially were noticed. In fact, the topology of the E trees seemed to be different whenever something was changed, whether it was the program used to reconstruct the phylogenetic tree, the substitution model used or the set of sequences chosen for analysis. These discrepancies could be due to convergent evolution in the E protein -shown here to be the most conserved TBEV protein with the lowest d N /d S ratio. This probably explains why interpretations of TBEV evolution based on the most abundantly available E sequences may have been biased. Recombination was detected -but not in this region, which would have explained the differing phylogenies. Based on the fulllength sequences, the simplest scenario of evolution for the I. ricinus-carried viruses is that the ancestor of TBEV-Eur strains emerged from the sheep and goat encephalitis virus cluster. Furthermore, the I. ricinus-derived viruses and lineages have diverged at approximately the same time asor even slightly earlier than -the I. persulcatus-derived viruses, suggesting that these radiations have been independent developments taking place at the same time. Our findings are in accordance with the recent review of the tick-borne flavivirus complex, in which three major groups of tick-borne flaviviruses are proposed: mammalian, sea bird and Kadam tick-borne flavivirus, and particularly, within the mammalian group, LIV and TBEV are designated to constitute the same species (TBEV) with four viral types: louping ill virus, Turkish sheep virus, Western TBEV (consisting of TBEV-Eur strains) and Eastern TBEV (including TBEV-Sib and -FE strains) (Grard et al., 2007) . However, the first three I. ricinusborne viruses are related more closely to each other and the I. persulcatus-borne 'Eastern TBEV' might as well be divided into Siberian and Far Eastern types at the same taxonomic level.
It is clear that the major division of TBEV strains is according to the vector tick species, although recent findings of TBEV-Eur in I. persulcatus and I. nipponensis (Kim et al., 2009; Jääskeläinen et al., 2011) show that the barrier between the Ixodes species is not absolute. The two tick species and three virus subtypes have also been overlapping in some areas of eastern Europe, but no recombination and still relatively few vector shifts of TBEV (finding TBEV-Eur in I. persulcatus or TBEV-FE/Sib in I. ricinus) have occurred. In areas where I. ricinus and I. persulcatus overlap, they still occur typically in separate foci, apparently because they prefer slightly different vegetation. I. persulcatus prefers coniferous forests and small-leafed mixed forests (EstradaPeña & Jongejan, 1999) , whereas I. ricinus is mostly found in deciduous and mixed forests (Lindström & Jaenson, 2003; Anderson & Magnarelli, 2008) . It is likely that the geographical separation of I. persulcatus and I. ricinus has been important in keeping the TBEV lineages apart.
Recombination
Recombination has been shown to occur in mosquitoborne flaviviruses (Twiddy & Holmes, 2003) , but it has not been detected in tick-borne viruses. The prerequisite for recombination is that either the vector or the host is coinfected with more than one strain of the virus, and TBEV transmission is such that the likelihood of co-infection is low. This is mainly due to the infrequent feeding of Ixodes ticks and low prevalence of TBEV infection in ticks. Our analyses show that recombination is rare in the TBEVcomplex viruses. Altogether, six recombination signals were suggested by the analyses, but they could not be confirmed due to the low variation in TBEV sequences. In the initial dataset, there was evidence suggesting recombination between LIV and TBEV-Eur in the NS3 gene. However, when we attempted to study this further by sequencing the laboratory strain of LIV available to us (a derivative of the strain LI/31, obtained by our laboratory in the 1950s), it did not contain the same recombinant region, and thus we cannot rule out artefactual explanations of this recombination signal.
Selection pressures acting on the TBEV genome
The low d N /d S ratios indicate that the main evolutionary process acting on the TBEV genome is negative purifying selection (Table 3 ). The highest value of d N /d S ratio was found for the capsid (C) gene; also, the values for the NS2A and membrane (M) genes were above average, whereas the lowest values were found for the NS3, NS4A and E genes. High values for the NS2A and C genes have also been Table 3 .
Rate of non-synonymous to synonymous changes per site of individual TBEV genes
The genes with the highest and lowest values are shown in bold. 
N. Y. Uzcá tegui and others
reported previously for the mosquito-borne dengue virus type 1 (Myat Thu et al., 2005) . The structural genes are thought to be the main targets of the immune system and this is in accordance with the finding that the C and M genes have the highest d N /d S ratios. However, although the E gene is the main target for neutralizing antibodies, it showed the lowest d N /d S ratio, meaning that the most constrained gene was one of the main targets of the immune system. Other studies have reported an intermediate d N /d S ratio for the E gene compared with the rest of the genome. The constraint found in this gene can be attributed to the life cycle of the virus, which involves infecting both invertebrate and vertebrate cells; this implicates multifunctional properties for the E gene, such as host-cell binding and entry, without losing host specificity.
Rate of evolution
Molecular-clock analyses of virus strains usually take advantage of the general information on the isolation years of the strains. In this study, we could provide a unique measure for the natural speed of evolution of TBEV by analysing a pair of full-length genomes from ticks in the same geographically isolated focus situated in a small forest on an island in the Baltic Sea, 44 years apart. Altogether, 27 nucleotide changes (resulting in 5 amino acid substitutions) in the 10 245 nt ORF sequence had accumulated during this period, approximately one mutation per genome in 2 years. Earlier, the rate of evolution and times of divergence have been estimated for the tick-borne complex by using the pairwise distances of synonymous mutations per site year 21 and comprehending the TBEVSib and -FE genetic data (Hayasaka et al., 1999) , resulting in an estimated rate of evolution for the Japanese TBEV-FE strains of 2.9610 24 synonymous mutations per site year
21
. More recently another study, again based on E gene and TBEV-FE sequences, suggested a similar rate of evolution (1.62610 24 synonymous mutations per site year 21 ), and the estimated divergence time of TBEV-FE and TBEV-Sib was about 2800 years ago (Suzuki, 2007) . Pairwise genetic distances yielded a mean rate of evolution of 4.12610 25 non-synonymous substitutions per site year 21 (Zanotto et al., 1996) . Our estimates using the Bayesian approach were similar, the mean rate being 4.83610 25 substitutions per site year
. Interestingly, although the different methods used have resulted in variable estimations of the evolutionary rate, the suggested divergence times are very similar throughout the studies. Even more, the natural measurement of evolution by isolating the same virus from the same location, 44 years apart, is in accordance with these results. In our analysis, the root of the TBEV complex was found to be around 3300 years ago (based on complete sequences). The ancestor of the I. ricinus-derived viruses (including TBEV-Eur, LIV, SSEV, TSEV and GGEV) had already started to form different lineages approximately 2900 years ago. The observed branching order suggests that a change has occurred in the transmission mode within the I. ricinus ('sheep tick') group: the current representatives of the more ancestral virus lineages have their main transmission cycle between ticks and sheep/goats or grouse, while current TBEV-Eur strains cycle primarily between ticks and small mammals. Notably, TBEV is transmitted readily to man also via unpasteurized goat milk and cheese (Kerbo et al., 2005; Holzmann et al., 2009 ) in addition to tick bites. In nature, the current geographically scattered TBEV-Eur strains have a fragile forest cycle, largely dependent on cofeeding of nymphs and larvae on rodents, and consequently on climate (Labuda et al., 1997; Randolph & Rogers, 2000) . Interestingly, around 300 years ago, rapid diversification of the TBEV-Eur strains started, and the time frame of this coincides with a period of warming winter temperatures throughout the European continent in the years 1684-1738, a gradient otherwise unseen during the past 500 years (Luterbacher et al., 2004) . However, more data are required to understand the effects that climate and other variables have on dispersion of TBEV strains. A rapid diversification of a local population of TBEV-Sib has also been suggested recently (Kovalev et al., 2009 ). In addition, persistence and vertical transmission in rodents have been demonstrated, but their role in the ecology of TBE requires additional studies (Bakhvalova et al., 2009; Tonteri et al., 2011) .
Concluding remarks
TBEV is a major arbovirus pathogen in Europe, with thousands of cases of central nervous system infections annually. We have analysed a large collection of TBEV fulllength ORFs (including half a dozen new sequences) for their phylogenetic relationships, possible recombination events, selection pressures on individual proteins and rate of evolution. Analysis of this larger set of complete ORFs clarifies the picture for this branch of tick-borne flaviviruses, previously obtained with smaller sets of sequences and shorter genome regions, particularly the E gene. Although potential recombination events were detected for the first time, the lineages have evolved independently. We had the opportunity to study a unique pair of sequences obtained from the same isolated focus 44 years apart, where the 27 nucleotide substitutions that had accumulated within the 10245 nt genome sum up to 6610 25 substitutions per site year
21
, a very similar figure to that obtained by the Bayesian analyses. Using these estimates, we revisited the timing and chronology of branching events within the tick-borne encephalitis virus group/species and it was evident that the I. persulcatus-and I. ricinus-borne branches have evolved independently for about 3000 years. The radiation of TBEVEur strains was shown robustly to be rather recent (the last few hundred years), perhaps also explaining the limited and scattered geographical spread of the TBEV-Eur foci with a fragile forest cycle. Obviously, more geographically representative sequence sets and particularly more sequences of the sheep and goat encephalitis viruses are needed to approach a more comprehensive picture of the evolution of these viruses in Europe.
METHODS
Virus strains. Tick collecting was carried out in the field by flagging with cotton cloths in 2003 in the same forest on the western part of Kumlinge Island, Å land Islands, Finland, from where the Finnish prototype strain Kumlinge A52 originated in 1959 (BrummerKorvenkontio et al., 1973) . The detailed results of the collecting have been published elsewhere (Jääskeläinen et al., 2010) . Tick pools (n510) positive for TBEV RNA were used for virus isolations by intracerebral inoculations in suckling NMRI mice (Haartman Institute, University of Helsinki). Mouse-brain suspensions were diluted 1 : 10 in Dulbecco's PBS with added 0.2 % BSA, and used to infect an African green monkey kidney-derived Vero E6 cell line (ATCC CRL-1586). After 1 h incubation, fresh medium (minimal essential medium supplemented with 2 % heat-inactivated FCS, 2 mM glutamine, 100 IU penicillin ml 21 and 100 mg streptomycin ml
21
) was added. The cells were grown and incubated at 37 uC in a humidified atmosphere containing 5 % CO 2 . Isolations of strains Joutseno (Brummer-Korvenkontio et al., 1973) , Estonia3476, Estonia54 (Golovljova et al., 2004) and Latvia-1-96 (Mavtchoutko et al., 2000) have been described previously; the strains had been passaged one or two times in mouse brain before sequencing and then passaged in Vero E6 cells as above. All animal experiments were carried out in accordance with FELASA (Federation for Laboratory Animal Science Associations) guidelines. The protocol was approved by the State Provincial Office of Southern Finland (permit no. STU 1385 A).
RNA extraction, RT-PCR and sequencing. Viral RNA was extracted from 200 ml supernatant medium of virus-infected cells using a commercial kit (TriPure; Roche). Reverse transcription (RT) was performed using SuperScript II (Gibco-BRL) according to the manufacturer's protocol. Five overlapping regions that encoded the entire genome were amplified by RT-PCR as follows (however, the entire genome including 39-UTRs was determined only for strains Kumlinge A52 and Latvia-1-96; for others, the entire coding region): from nt 1 in the 59-UTR to nt 2655 in NS1 region of the TBEV genome, including the C, pre-membrane (prM), M and E genes and 205 nt of the NS1 gene; from nt 2488 in the NS1 gene to nt 4845 in the NS3 gene; from nt 4740 in the NS3 gene to nt 6760 in the NS4A gene; from nt 6500 in the NS4A gene to nt 8686 in the NS5 gene; and from nt 8641 in the NS5 gene to nt 11141 in the 39-UTR. The primers used for amplification and/or sequencing were designed on the basis of published TBEV sequences (Supplementary Table S3 , available in JGV Online). Amplified cDNA products of TBEV were sequenced directly after purification using a DNA-purification system (Qiagen). Double-stranded sequencing of the TBEV genome was performed on an ABI sequencer using the manufacturer's protocol (Applied Biosystems). The sequences have been deposited in GenBank; see Table 1 for accession numbers.
Phylogenetic analysis. Six complete ORF sequences of TBEV were determined in this study (Table 1) . These data were used, along with published genome sequences from isolates of TBEV deposited in GenBank, to perform a phylogenetic analysis. This resulted in a final dataset of 37 sequences of the complete coding genome of TBEV (Supplementary Table S2 ). Analyses based on the E and NS3 genes were also used as the data to estimate the date of divergence of TBEV. Alignments were carried out using CLUSTAL W (Thompson et al., 1994) and MUSCLE (Edgar, 2004) . A phylogenetic tree of the complete coding sequences was estimated using the Bayesian approach implemented in the program BEAST (Drummond & Rambaut, 2007) . MODELTEST (Posada & Crandall, 1998) was used to define the optimal nucleotide-substitution model, and GTR+C+I was suggested for the complete ORF sequences and also for the individual genes. Phylogenetic trees based on the E gene were reconstructed, in addition to the Bayesian approach, using maximum likelihood in TREE-PUZZLE (Schmidt et al., 2002) , and neighbour-joining and maximum-likelihood programs in the PHYLIP package (Felsenstein, 1989) . Substitution saturation tests were performed with the DAMBE program (Xia & Xie, 2001 ).
Rate of evolution. The program BEAST (Drummond & Rambaut, 2007) was used to estimate the rate of molecular evolution and time of divergence. The dataset used for estimating the rate of evolution was based on the E and NS3 gene sequences, as well as complete ORFs of TBEV strains isolated from the years 1937-2008. The E gene sequences are the most abundant in GenBank and the NS3 gene was recently shown to give a more reliable likelihood for establishing phylogenies within the genus Flavivirus (Cook & Holmes, 2006 ). The HKY model of nucleotide substitution (Hasegawa et al., 1985) and both strict and relaxed lognormal clock models were used. Codon-position partitioning was accomplished by the use of the model SRD06, which links first and second codon positions, but allows the third positions to have a different relative rate of substitution, transition-transversion ratio and gamma-distributed rate heterogeneity (Shapiro et al., 2006) . Convergence of parameters was assessed using TRACER (Drummond & Rambaut, 2007) and each run was continued until the effective sampling size of all parameters was .200.
Recombination detection. Recombination signals were searched for by the Recombination Detection Program (RDP) version 3 (Martin & Rybicki, 2000) . We used the programs GENECOV, BOOTSCAN, SISCAN, MAXCHI, 3SEQ and CHIMAERA. Partial NS3 and E gene sequences (GenBank accession numbers JQ312673 and JQ312674) were obtained from the laboratory strain of LIV (LI/31), passaged in Vero E6 cell culture according to a previously published protocol (Jääskeläinen et al., 2010) , except for the new NS3 primers LIV-forw-5390 (CCCTGGCAAAAGAAAACAAA) and LIV-rev-6226 (GGCT-CCTGAAAGTGACCAGA).
Selection pressures acting on individual genes. To determine the selection pressures acting on each of the genes of TBEV, we considered the ratio of non-synonymous to synonymous nucleotide changes per site (d N /d S ) along the genomes of the TBEV strains, using the estimation performed by MEGA (Tamura et al., 2007) .
